The prevalence of respiratory viruses in immunocompromised adult patients and the association with clinical outcomes is still underexplored. Our goal was to assess the epidemiology and the potential clinical impact of respiratory viral infections in a highrisk patient population. Two large hospitals performed a respiratory Taqman array card (TAC), targeting 24 viruses, 8 bacteria, and 2 fungi simultaneously, on 435 samples from 397 symptomatic immunocompromised patients. Clinical details were collected retrospectively using a structured case report form. An overall positivity rate of 68% was found (51% mono-and 17% co-infections). Pathogen distribution was as follows: influenza A (20.7%), rhinoviruses (15.2%), coronaviruses (7.8%), Pneumocystis jirovecii (7.4%), RSV (7.1%), and CMV (6.0%) were the most frequently encountered, followed by HSV (5.5%), hMPV (4.4%), parainfluenza viruses (3.9%), influenza B (3.7%), and Aspergillus species (3.7%). Other pathogens were not detected or detected only in ≤ 1% of samples. Hospital and ICU admission rates were 84% and 11%, respectively. The presence of a pathogen was strongly associated with higher need for supplemental oxygen (p = 0.001), but it had no impact on ICU admission, mechanical ventilation requirement, antibacterial therapy, or mortality. In conclusion, our study described the epidemiology of respiratory pathogens in a large group of symptomatic immunocompromised patients and provides evidence of a relationship between pathogen detection and the need for supplemental oxygen. This association was still found after the exclusion of the results positive for influenza viruses, suggesting that non-influenza viruses contribute to severe respiratory illness in patients with compromised immunity.
Introduction
The major impact of respiratory virus infections in patients with hematologic malignancies, hematopoietic stem cell transplantation, and solid organ transplantation has been recognized over the last decades [1] [2] [3] [4] .
In most immunocompromised populations, respiratory viruses are responsible for lower respiratory tract infections, associated with a significant morbidity and mortality. The detection of viral RNA in a respiratory sample suggests a viral contribution to respiratory symptomatology and pathology. This issue is of particular importance in immunocompromised patients who may be infected with several agents and who are prone to bacterial superinfections. In addition to respiratory viruses, the impact of so-called atypical bacteria, such as Mycoplasma pneumoniae, Bordetella pertussis, Chlamydophila pneumoniae, and Legionella pneumophila and fungi such as Pneumocystis jirovecii and Aspergillus species, in immunocompromised hosts also needs to be established in large studies.
The primary goal of the present study is to describe the epidemiology of respiratory pathogens in a large two-centric group of immunocompromised patients with symptoms of an upper or lower respiratory tract infection using a multiparameter customized respiratory Taqman® array card, targeting 24 viruses, 8 bacteria, and 2 fungi simultaneously [5] [6] [7] . In addition, secondary goals are to investigate the possible association of pathogen detection (presence versus absence, mono-versus co-infections) with key clinical parameters.
Material and methods

Patients and samples
A hospital-based retrospective cohort study was conducted at two tertiary care hospitals, the academic Erasme Hospital (Brussels) and the general St-Jan Hospital (Bruges-Ostend) with an in-between distance of about 95 km. All adult immunocompromised patients with symptoms of an upper or lower respiratory tract infection that underwent testing for respiratory pathogens were retrospectively included from December 2014 to June 2015 (6-month period) at the St-Jan Hospital and from December 2014 to December 2015 (1-year period) for patients at the Erasme Hospital.
Patients had at least one of the following acute respiratory symptoms, often associated with fever: rhinorrhea, cough, sputum, dyspnea, unexplained lung function decline, or new chest X-ray abnormalities.
Patient samples were excluded when respiratory symptoms started ≥ 14 days before the first sample collection. Samples from different respiratory episodes were included when the episodes were separated with at least 1 month. Patients should have been free from respiratory infectious symptoms between separated episodes.
Immunocompromised status was defined as presence of a disease and/or treatment known to impair the immune system, such as solid organ transplant (SOT) under immunosuppressive therapy (group 1), solid (group 2) or hematological malignancy (group 3) under chemotherapy, or other underlying disease needing long-term high-dose corticosteroid therapy or immunosuppressive therapy (group 4). Patients infected with HIV with a CD4 count < 200/ mm 3 were also included (group 4).
Data collection
The following clinical details were collected retrospectively using a structured case report form: age, gender, underlying disease, influenza vaccination status, admission unit, date of hospitalization and length of stay, ICU admission, need for supplemental oxygen therapy and/or mechanical ventilation, antiviral and/or antibacterial treatment and survival.
Inclusion and collection of clinical data were performed by one microbiologist from each hospital.
Nucleic acid extraction and TAC testing
Patient samples were prospectively tested at the St-Jan Hospital and retrospectively tested at the Erasme Hospital with a customized TAC respiratory panel (v8.0 and v10.0 premarket version Cambridge-Bruges, respectively) which included testing for the pathogens described previously [5] . It is important to note that the assay for herpes simplex virus 1 and 2 was not yet present on version 8.0 of the cards and was thus not included for the samples from St-Jan Hospital. The detailed procedure was described previously [5] .
Statistical analysis
Data were presented for the entire study group and stratified by underlying conditions to assess potential differences in patient characteristics regarding the epidemiology of respiratory pathogens and key clinical parameters.
Data were analyzed using GraphPad (GraphPad Software Inc., San Diego, CA, USA) and Stata/IC 15.1. Pearson's chisquared test and Fisher's exact test (when appropriate) were used to compare positivity rates and outcome between the different populations. The Mann-Whitney-Wilcoxon test was used to compare non-Gaussian distribution variables. Multivariate logistic regression analysis was performed on all samples and on samples without influenza infection to identify the clinical characteristics independently associated with the presence of pathogen(s). All clinical characteristics were included in the models except the length of stay (collinearity with hospitalization). The goodness-of-fit (Hosmer-Lemeshow) test was used to verify if the model adjusted appropriately to the data. Results with a p < 0.05 were considered significant.
Results
Patients
Four hundred-thirty five samples were obtained from 397 immunocompromised patients. Baseline patient characteristics are shown in Table 1 . Of group 3 patients who underwent allo-or auto-hematological stem cell transplantation (HSCT), 64.3% received the transplantation less than 100 days before their respiratory episode and therefore inclusion.
In total, 334 (76.8%) nasopharyngeal swabs in Universal Transport Medium (UTM-RT, Copan Diagnostics, CA, USA) and 101 (23.2%) bronchoalveolar lavage (BAL) samples were included.
Overall, patients were hospitalized for 83.9% of respiratory episodes, with an 11.1% admission rate to the intensive care unit. Among the 397 patients, 9 male (4.2%) and 10 female patients (5.5%) died within 15 days of their first respiratory episode (difference not significant, p = 0.56) and 14 male (6.5%) and 14 female patients (7.7%) died within 30 days of their first respiratory episode (difference not significant, p = 0.67). The mortality rate within 30 days of the first respiratory episode was significantly higher in patients older than 65 years old (p = 0.03).
For nearly one third (32.0%) of all patients, medical records did not contain information on influenza vaccination. When taking into account only those patients for which the influenza vaccination status was known, the vaccination rates did not differ between study groups and amount to an overall coverage of 70.7%.
Respiratory pathogen analysis
The overall positivity rate of the TAC was 68%, with 51% positive for one pathogen and 17% for more than one pathogen. Positivity rate was not significantly different between nasopharyngeal swabs and BAL samples. After the correction for multiple comparisons, the positivity rate of TAC in group 3 (hematologic disorders) (59.9%) was significantly lower than that in group 4 (80.3%) (p = 0.02).
The number of samples positive with more than one pathogen did not differ significantly between groups.
Overall, the pathogen distribution at genus level was as follows: influenza A (20.7%), rhinoviruses (15.2%), coronaviruses (7.8%), P. jirovecii (7.4%), RSV (7.1%), and CMV (6.2%) were the most frequently encountered, followed by HSV (5.5%), hMPV (4.4%), parainfluenza viruses (3.9%), influenza B (3.7%), and Aspergillus species (≤ 1%) . Those most frequently involved in coinfections were rhinovirus (n = 29), influenza virus (n = 26), CMV (n = 19), P. jirovecii (n = 18), HSV (n = 17), and coronavirus (n = 14). Each sample positive for an atypical bacterial pathogen was as well positive for one or more viral pathogens. Detailed results are shown in Table 2 and Fig. 1 . Nasopharyngeal swabs had a significantly higher positivity rate for influenza A (p < 0.001) and coronaviruses (p = 0.01), while bronchoalveolar lavage samples were more frequently positive for HSV (p = 0.03), CMV (p < 0.001), P. jirovecii ( p = 0.001), and Aspergillus species (p < 0.001). The median Ct values (range) for these opportunistic pathogens in BAL samples were Ct 31 (21- 
Clinical features according to TAC results
Retrospectively gathered clinical parameters were compared for patients with a positive versus a negative TAC result ( Table 3 ). The length of stay was not always restricted to respiratory episode but was in some cases much longer due to for example other co-morbidities, chemotherapy cures, other infectious syndromes, or even long delay for transfer to rehabilitation centers. The administration of antibiotics and/ or antivirals was very often started empirically for treatment of the respiratory infection, but some patients were also on prophylactic drugs. Patients on antiviral therapy were most frequently treated with oseltamivir (68%), then acyclovir (18%), (val)ganciclovir (10%), and ribavirin (3%). Overall, patients for whom a respiratory pathogen was found were significantly more likely to require supplemental oxygen (40.6% vs 23.9% (p = 0.001)) and to be treated with antivirals (41.9% vs 10.3% (p < 0.001)), but there was no impact on ICU admission, mechanical ventilation requirement, antibacterial therapy, or mortality. After excluding all patients with a positive result for influenza A or B viruses, these findings did not change. Table 3 shows detailed results for all patient episodes and per patient group. Only for group 4, patients that were hospitalized were more likely to be positive for a respiratory pathogen (p = 0.02). Multivariate analysis showed that, adjusted for the presence of other predictors in the model, the administration of supplemental oxygen and antiviral therapy was still statistically associated with the presence of pathogens (p < 0.001).
The same clinical parameters were compared for patients with one single pathogen found by TAC versus patients positive for more than one pathogen (Table 3 ). There were no significant differences between these groups.
Discussion
Solid organ transplantation and hematologic oncology are part of the main activities of the Erasme and St-Jan Hospital, respectively. This study included nearly 400 immunocompromised patients who presented to the hospital with symptoms of a respiratory infection.
The performances of the respiratory TAC used in this study were described previously [5, 6] .
The overall positivity rate was relatively high (68%), as expected when including only symptomatic patients.
Influenza A virus was the most frequently encountered pathogen. The proportion of flu infections in immunocompromised patients described in the literature varies due to the variable nature of the influenza virus itself and its ability to cause annual outbreaks of different intensity. The influenza epidemic during the study period was of high intensity and long duration in Belgium [8]. Overall, 43.9% of samples were positive for non-influenza viruses. The so-called "common cold" viruses (rhinovirus and coronavirus) were frequently encountered. This reflects the epidemiology of the adult population living in the community and is in line with findings described in the literature [9] [10] [11] [12] . In addition to the low prevalence of "atypical" bacterial pathogens, which might be explained by the exclusion of samples taken ≥ 14 days after the onset of symptoms, viruses such as bocavirus, adenovirus, and enterovirus were very infrequent in this adult population (< 1%). This study showed a relatively high incidence of opportunistic pathogens in BAL samples. The HSV positivity rate might be underestimated since this target was not present on the TAC used at the St-Jan Brugge-Oostende Hospital. The median Ct value was 29 for P. jirovecii, indicating a significant pathogen load. Nearly all patients with a positive result for P. jirovecii in BAL were treated with high-dose cotrimoxazole during at least 21 days. Some data exist on the epidemiology and impact of opportunistic pathogens such as P. jirovecii [13] [14] [15] , CMV [16, 17] , HSV [18] [19] [20] , and Aspergillus species [21] in immunocompromised patients. Quantitative assays or working with (arbitrary) cut-off Ct values seems critical to determine clinical relevance, although every positive result in a BAL sample could be of clinical importance, especially in this group of patients. Ct values above ct28 for Aspergillus species or Pneumocystis may point to a very early phase of reactivation but on the other hand they may correspond to colonization (or contamination).
When comparing the two main patient groups, hematologic oncology patients had a lower TAC positivity rate than SOT patients and were less likely to have a co-infection, although these associations were not statistically significant. The observed differences might be explained by differences in type and level of immunosuppression. Interestingly, influenza A virus and coronaviruses were more common in hematologic oncology patients than in the SOT patients. These rates might have been biased due to the shorter inclusion period in St-Jan Hospital covering the influenza epidemics (but not the RSV peak), where most of these hematology patients were included. Since the two hospitals had a different inclusion profile and since they are geographically separated, this might also have biased the differences in pathogen prevalence between patient groups. However, the two centers are only 95 km from each other, and the climate is similar in both regions.
Patients who tested positive for a respiratory pathogen were more likely to be treated with supplemental oxygen and antiviral therapy. The clinical impact of influenza virus infections is well known, but even when all patients positive for influenza viruses were excluded from analysis, the presence of a respiratory pathogen was still associated with need for supplemental oxygen and antiviral treatment. Other studies also revealed a significant association between a positive respiratory virus PCR and the presence of an acute respiratory disease [8, [22] [23] [24] . In our study however, the association with antiviral therapy may be confounded since the treating clinicians were not blinded to results. At the Erasme Hospital, TAC analysis was performed retrospectively, but the clinicians were aware of conventional viral testing results (based on direct fluorescent antibody testing and viral culture) [3] . At the St-Jan Hospital, clinicians received the results of TAC analysis within 24 h after sampling.
There are some limitations to this study. The inclusion period was 6 months longer at the Erasme Hospital. However, since winter and spring seasons were covered by both hospitals, only 24% of all samples were included at the Erasme Hospital in this extra 6-month period. Cultured bacteria as potential causal pathogens of respiratory infections were not taken into account and might have biased the results for clinical impact of the tested respiratory pathogens and mono-versus co-infection.
In conclusion, our study described the epidemiology of respiratory viruses, atypical bacteria, and fungi in a large group of symptomatic immunocompromised patients. Our analysis provides an evidence of a relationship between pathogen detection and the need for supplemental oxygen. This association was no different after the exclusion of results positive for influenza viruses; non-influenza viruses appear to contribute to severe respiratory disease in patients with compromised immunity.
